Muscle plasminogen activators (PAs), such as urokinase-like PA and, to a lesser extent, tissue PA, increase dramatically after denervation induced by axotomy. The PA/plasmin system has also been implicated in degradation of specific components of the muscle fiber basement membrane after local activation of plasminogen. These results suggest that neural regulation of muscle extracellular matrix metabolism accompanies or precedes regeneration after injury and is mediated by activation of PAs. In the present study, we have used nerve crush to explore the neural regulation of muscle PA activities directly after subtotal axon interruption and during the process of reinnervation. Muscle contraction after nerve stimulation and estimation of choline acetyltransferase activity were used to monitor reinnervation. Within 24 hr of nerve crush, muscle urokinase (but not tissue PA) activity rose in soluble and membrane-bound muscle fractions, as shown by an amidolytic assay and a fibrin zymography. Membrane-bound activity was 5-fold higher than cytosol activity, but there was no shift between cellular compartments during the time course of denervation. Coincident with the return of choline acetyltransferase activity and muscle contractility, muscle urokinase returned almost to baseline levels. These results show tight regulation of muscle urokinase levels by some neural influence.
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When muscle is deprived ofits innervation, experimentally or by disease, the nerve terminals degenerate, are phagocytized, and are completely engulfed by Schwann cells in less than 3 days (1, 2) . The earliest events in this pathophysiologic process are at the level of the membrane. Subsequently, the muscle fibers are left denervated and they respond to this condition with a variety of metabolic alterations, the most dramatic, but late, event being atrophy (3) . The earliest changes after denervation are located at the muscle cell surface and include the loss of endplate-specific 16S acetylcholinesterase (4) and reduction offibronectin (5) . The mechanism of these surface alterations appears to be activation of neutral proteases, serine proteases and metalloproteases, respectively. After a few days lag, intact axons make new connections with the denervated endplates by a process of collateral or ultraterminal outgrowth arising from the neuromuscular junction or the subterminal nodes of the surviving axons and functional neuromuscular connections begin to reform (1, (6) (7) (8) (9) .
Our interest has been in the mechanism(s) controlling the initiation of these events and, in particular, the regulation of muscle serine protease activity. We have shown that total sciatic neurectomy was followed by a marked time-dependent increase in urokinase-like plasminogen activator (uPA) with a moderate elevation of tissue plasminogen activator (tPA) activity after 10 days (10) . In parallel, we have also shown that local plasminogen activator (PA)-activated plasmin degrades adhesive basement membrane molecules, with fibronectin being the sensitive matrix component (11) . We have interpreted these results by suggesting that plasminogen activation may have a role early in muscle denervation, similar to its roles in other pathologic and physiologic processes involving tissue remodeling (12) . Such a role would be unrelated to the lateroccurring muscle atrophy, generally attributable to lysosomal and Ca2+-activated proteases (3) . Local activation of plasminogen could result in reduction and release of 16S acetylcholinesterase (4), reduction of adhesive sarcolemmal fibronectin (5) , and initiation of basement membrane remodeling (11)-changes necessary for the activation ofsatellite cells to replace lost myofibers as well as for the effective reinnervation of existing, but denervated, muscle fibers (13) .
In accord with these assumptions, we designed experiments using a sciatic nerve crush instead of complete axotomy to allow the nerve to rapidly reinnervate the muscle. If the nerve regulated muscle PA, then levels of serine protease should coincide with evidence of stabilization of the newly formed endplates, similar to neonatal muscle (14) . Muscle contraction on nerve stimulation and return of choline acetyltransferase activity (15, 16) were used to monitor reinnervation.
Our results show a tight regulation of uPA levels in muscle by some form of neural influence. A dramatic rise and then a rapid decline of uPA activity in muscle coincided with muscle denervation and then reinnervation, respectively. These neurally regulated variations in PA activity were almost exclusively restricted to uPA (10, 14) , similar to uPA ofother mouse tissues (17) , and not to tPA (12) . A preliminary report of this work has been presented (18 (10 mg/ml) and 9:1 (vol/vol) acepromazine (10 Al/g).
The right sciatic nerve was crushed for approximately 30 sec, using a standardized pressure, 12 mm under the sciatic notch with flat fine forceps protected by silicon tubing. Then, at various times after the crush, animals were killed by cervical dislocation and denervated, and contralateral (unoperated) control hind-limb sciatic-innervated muscles were removed. Muscles were cleaned free of blood vessels and connective tissue, blotted, weighed wet, and then homogenized with a Polytron (Brinkmann) tissue homogenizer; and S2 (soluble PA) and P2 (membrane-bound PA) fractions were collected and stored as described (14) .
Amidolytic Assay of PA Activity in Muscle. Activation of plasminogen to plasmin was followed by determination of plasmin amidolytic activity on the synthetic substrate S-2251 (19, 20) as described in detail (14) . Three time-course experiments were performed with two or three replicate wells per assay. Our current results are expressed as PA activity in absorbance units per mg of protein after a 4-hr incubation at 370C.
Fibrin Zymography. NaDodSO4/PAGE was performed according to Laemmli (21) in 10%o gels and was followed by fibrin-plate zymography according to the method of GranelliPiperno and Reich (22) , as modified (14) . Photographs of the fibrin plates were taken either by dark-field reflection (lysis zones are dark) or by transillumination after staining with amido black (lysis zones are light).
Choline Acetyltransferase Assay. To measure choline acetyltransferase activity, we utilized a radioenzymatic assay developed by Rand and Johnson (23) , as modified (14) .
Other Assays. Protein determination was estimated by the method of Bradford (24) . Statistical analysis was performed using the two-tailed Student's t-test.
RESULTS
Muscle Wet Weight and Protein Measurement. As an index of axon interruption by the crush, Fig. lA shows the lesssensitive delayed, but expected, decrease (reaching 42% in bulk) of removed leg muscles 1-13 days after crush-induced denervation when compared to contralateral leg muscles. By 5 days the bulk atrophy was only 1o, consistent with the relatively late activation of intracellular proteases (3, (25) (26) (27) . These data corroborate our own previous results with axotomy in mice (10) as well as those of others (3, 28) . After reaching the nadir at 13 days, this curve reversed rapidly and returned toward normal by 40 days, approaching 90%6 of the control muscle weight. The protein content changed similar to muscle weight but only in the S2 fraction; the P2 fraction protein content after crush remained constant (data not shown).
Correlates of Muscle Denervation and Reinnervation. We utilized two types of procedures to verify denervation and reinnervation of the muscles. Choline acetyltransferase (CAT) activity in S2 fractions of sciaticinnervated muscle after nerve crush. CAT activity was measured by using the method of Rand and Johnson (23) and is the mean of duplicates from three separate experiments. Error bars are mean ± SD. The results are expressed as a percentage of the muscle CAT activity observed in contralateral (control) leg muscle.
Mechanical stimulation. After crushing the nerve, it was pinched proximal to the crush site with-fine forceps and no contraction in the sciatic-innervated muscles was observed. At various times after the crush, before removing the sciaticinnervated muscles, the nerve was again pinched and the presence or absence of a muscle contraction was registered. Table 1 shows that immediately after the crush the reactivity of the leg muscle was completely abolished. The muscles began to contract by 13 days after the crush. The muscle reactivity to nerve pressure was roughly back to normal after 19 days. Notably, spontaneous fibrillation activity was detected by day [3] [4] [5] and was prominent until day 16-19, when it diminished.
Choline acetyltransferase activity. We determined the choline acetyltransferase activity of denervated muscles and Fig. 1B shows the dramatic drop observed as early as 24 hr after nerve crush reaching 10% of the normal activity (measured in contralateral muscles) at day 3. This nadir exceeded the bulk atrophy by at least 50%o and preceded its maximal drop by [10] [11] [12] days, suggesting abolition of choline acetyltransferase activity was not associated with intracellular proteolysis. This activity gradually rose toward normal, beginning at day 5 or 6, and reached a plateau at 80%o of the control choline acetyltransferase activity 1 month after crush.
Evolution of Muscle PA Amidolytic Activity After Nerve Crush. By using the sensitive S-2251 assay specific for plasmin (19) , activity was entirely dependent upon the addition of highly purified human plasminogen (see ref. 10 ). The addition of fibrin monomer (19, 20) was used to distinguish fibrin-dependent (i.e., tPA) and fibrin-independent (i.e., uPA) PA activities in muscle extracts (10, 14) . Muscle uPA and tPA activities expressed as percentages of the activities of contralateral control muscle extract at various times after sciatic crush are shown in Fig. 2 . After nerve crush, soluble muscle uPA activity was almost double the control after 24 hr and increased steadily to peak at 7-10 days at almost 8 times the control values. This activity gradually decreased, but never quite to baseline levels, and reached a plateau by 30 days. On the other hand, tPA activity varied little in the soluble extracts with a less than 3-fold increase of activity detected at 3 days after nerve crush ( Fig. 2A) . Fig. 2B shows results for PA activities of P2 membrane fractions from muscle extracts. Membrane-bound uPA activity increased, as did that in the S2 fractions, reaching a peak 7 days after sciatic crush, and then declined. However, membrane-bound tPA activity did not vary over the crush/post-crush time course and was essentially the same as activity in control extracts. Thus, nerve crush had a much greater affect on muscle uPA than on tPA in these studies.
Since it was possible that denervation might result in more or less PA bound to surface receptors, we also studied the compartmentation of muscle PA activity and whether or not denervation caused a compartmental shift. Fig. 3 shows the soluble and membrane-bound PA activities observed 7 days after nerve crush compared to the activities observed in control extracts and expressed as absolute specific activity values (absorbance measured at 405 nm per mg of protein). The specific uPA activities for membrane-bound Tritonextractable P2 fractions were statistically significantly higher than those of soluble S2 fractions for control and denervated muscle (Fig. 3A) . The ratio of membrane to soluble activity was increased in control fractions (5-fold) and was only slightly less (4.6-fold) in membrane compared to soluble uPA after denervation. The control P2 uPA represented 83% ofthe total uPA activity whereas in denervated membranes it was 82% of the total. Comparing control and denervated S2 and P2 uPA activities directly, we found 7.5-fold (S2) and 6.9-fold (P2) increases, respectively. Thus, there was no significant shift between soluble and membrane-bound uPA in denervation. Although tPA activity was higher in P2 than in S2 fractions (Fig. 3B) , these increases were less than for uPA (3-fold for S2 and only 1.4-fold for P2).
Fibrin Zymography of Muscle Extracts. We used fibrin zymography (10, 14, 22) to more specifically identify the type of increased muscle PA that was regulated by crushing the nerve and allowing reinnervation. Typical fibrin zymograms of S2 (Fig. 4A) (10) , no band at 75 kDa comigrating with human tPA could be detected in these nerve crush experiments. The 48-kDa fibrinolytic enzyme is identical to mouse uPA identified in denervated (10) and developing (14) mouse muscle. In neither the P2 nor S2 muscle fractions was a high molecular mass lytic zone detected that was comparable to activity arising from a complex of tPA and tPA inhibitor at 100-110 kDa (29) or uPA and uPA inhibitor at 80-95 kDa (12) . DISCUSSION Adult innervated mammalian skeletal muscle contains detectable amounts of plasminogen-dependent amidolytic activity. After sciatic neurectomy this PA activity rises dramatically and rapidly (10) . This also occurs with nerve crush, the rapidity of the uPA rise in muscle occurring well in advance of the expected decrease in muscle bulk (Fig. 1) , a late event in the response of muscle to denervation and the result of subsequent activation of intracellular proteases (3, (25) (26) (27) . Lysosomal and cathepsin-like enzymes were not measured in these studies since no amidolytic activity had been detected in the absence of plasminogen (10) . Other reports documented increases of these intracellular proteolytic enzymes considerably later after denervation than the presently reported early rise in uPA (25) (26) (27) . By using fibrin monomer to distinguish uPA from tPA (19, 20) The tPA activity did not change throughout the time course except for a small increase in the soluble fraction on day 3 after nerve crush. This is in contrast to our previous studies after mid-thigh sciatic neurectomy (10) in which tPA also rose but only after the increase in uPA was detectable. In the present study, the level of crush injury was almost 1 cm distal to the level of neurectomy performed previously (10) , to expedite the process of reinnervation.
Minimal differences were found between soluble and membrane-associated muscle PA activity after nerve crush and reinnervation. The time courses of uPA activity are quite similar although an earlier decrease (by day 7) was seen in the membrane-associated fraction (Fig. 3) . As far as tPA activities are concerned, the increase in tPA activity (discussed above) was observed in the soluble fraction at day 3 when no variations of tPA were detected in the membrane-associated fraction. When PA activities are expressed as absolute values (Fig. 3) , the membrane-bound uPA activity is almost 5-fold higher than the soluble fraction activity in the control as well as in the day 7 denervated muscle ( Fig. 3A) , but there is no shift between cellular compartments during the entire time course.
Comparing these results with recent data (14) (14) . Thus, either nerve crush or axotomy returns adult muscle PA, particularly uPA, to levels obtained during the period of polyneuronal innervation.
The chromogenic assay results were compared with the fibrin zymography technique (10, 14, 22) and revealed the presence and increase of a lytic band at about 48 kDa that occurred after nerve crush. This lytic band rapidly decreased in intensity during reinnervation in both S2 and P2 fractions (Fig. 4) in parallel with the S-2251 measurements. The molecular mass of this PA correlates well with uPA from mouse sarcoma (30) , antibodies to which identify this enzyme in a variety of mouse tissues (31) . No tPA was detected migrating at about 75 kDa in contrast to previous experiments after sciatic axotomy (10), early after birth (14) , or in clonal mouse muscle cell medium (32) . This may be due to the limit of sensitivity of the zymography technique, since in one of our experiments a very faint band was observed at 75 kDa early after nerve crush (data not shown). It may also be, however, that the crush injury presents a much more sensitive and, indeed, controllable neural injury situation than does total and finite axotomy (10) . If that interpretation is correct, then the increase in uPA, in both paradigms, would represent the muscle PA under tight physiological regulation by the nerve. The tPA may be regulated by increase in blood flow, hormones, or other modulators (12) .
The choline acetyltransferase assay experiments are helpful in following the degeneration of intramuscular nerve terminals and subsequently the reinnervation of the denervated muscles, presumably at their original synaptic sites (33) . This was essential to perform in parallel to the PA studies to detect tight chronological regulation. Whether the changes in choline acetyltransferase activity are directly related to section of the nerve or from muscle use and disuse has been discussed (34) . However, disuse cannot account for the drastic diminution in choline acetyltransferase activity observed at 3 days (10%6 of the control choline acetyltransferase activity). Our results confirm those of others (15, 16) and this decrease precedes by more than a week the lowest level of muscle bulk (atrophy measure). By Reinnervation was also objectively followed by the simpler, but clearly observable, contractile response ofmuscle to mechanical stimulation of the nerve. Muscle contractility returned, using our macro-assay, in 13-19 days. This return must be preceded by reestablishment of functional intramuscular nerve terminals (i.e., choline acetyltransferase activity) and parallels the return ofuPA activity to baseline innervated levels. Thus, as uPA activity drops, stabilization of reinnervated endplates occurs.
There are caveats of such an interpretation. The rise and fall of uPA in muscle after nerve crush and reinnervation likely signifies specific physiological processes are involved but they are not definitive. The assays used here measure only active enzyme; enzyme molecules already complexed by serpins such as the PA inhibitors types 1, 2, or 3 or protease nexin I (PNI) will escape undetected (35) .
From the present studies, nerve crush results in an upregulation and reinnervation results in a down-regulation of local muscle uPA activity. The underlying trophic mechanism of this regulation is not known. Does denervation alter, and reinnervation reverse, the transcription of uPA mRNA? If so, is the mechanism humoral, ionic, or both? The tight regulation of muscle uPA activity by the nerve implies a neurohumoral mechanism, not solely due to absence of muscle activity. This conclusion is based on previous data Neurobiology: Hantai et (39) , is developmentally regulated during myogenesis (32, 40) and would be an ideal candidate for regulating PA activity in muscle. PNI is localized to the neuromuscular junction (32) and prevents degradation of myotube extracellular matrix by myoblast uPA/ plasmin (41) . PNI released by muscle fibers at synaptic regions would be consistent with target-derived factor(s) diffusing and then anchoring to basal lamina sites (14, 42, 43) . Such mechanisms for establishing polyneuronal innervation and its elimination persist into adulthood (44) , although at a slower rate, and might be uncovered or reactivated by experimental denervation and reinnervation (11) .
These possibilities might be more probable if plasminogen (0.1 mg/ml) was able to enter the synaptic cleft from the circulation. To our knowledge, no data are presently available but ferritin (45), a 12-nm-diameter particle (larger than plasminogen) with a molecular mass of =450 kDa, passes the basement membrane barrier of the neuromuscular junction. Plasminogen itself binds to the basement membrane (46) , as does PA inhibitor type 1 (47) . The critical elements of the PA/plasmin system (i.e., plasminogen and uPA) as well as their regulators, the serpins, are present at the neuromuscular junction and persist into adulthood. In the absence of nerve injury, this balanced system allows the slow turnover of one or more synaptic basement membrane components. Such a model of inherent plasticity may be activated by one or more disease processes. Alteration in levels of this multicomponent system might then take part in the progressive random denervation of muscle as well as central neurons observed in fatal diseases such as amyotrophic lateral sclerosis (48) or Alzheimer disease (49 
